The differential cross sections for the nuclear reaction D( 
Introduction
The nuclear reaction D( 3 He,p) 4 He is commonly used to determine the depth profile of deuterium in solids [1, 2] . By analyzing the energy spectrum of the α-particles the depth profile in the near surface layer can be derived [3] . With the proton energy spectra the depth profile up to very large depths can be reconstructed: Up to depths of about 40 µm in low-Z materials and up to about 8 µm in heavy materials such as tungsten [2] .
For nuclear reaction analysis (NRA) the differential cross section at a specific reaction angle is needed. The total cross section of this reaction has a broad resonance region around 630 keV and a non-resonant region at higher energies [1, 2] . Depth profiling to large depths requires the simultaneous fit of multiple measurements at different incident energies [2, 4] , which requires precise cross section data over a large range of energies. Unfortunately most of the existing data in literature are limited to maximum 3 He energy of 2.5 MeV. Möller and Besenbacher measured very precisely the total cross section for this reaction by comparison to the D(d,p)T reaction, achieving an accuracy for the total cross section of 4% for energies from 0.2 MeV to 1.25 MeV and an accuracy of 5 % for energies up to 2.5 MeV [5] . Bosch and Hale used an energy dependent formula and the Padé polynomial expansion to represent the total cross sections resulting from R-matrix calculations from 1979. The Bosch/Hale fit to the total cross section is valid in the lab energy range 0.75 to 12000 keV [6] . Nocente derived formulas based on Bosch and Hale and several fits to data for the angular dependence, thus allowing deriving the differential cross section at any angle [7] . To check this theoretical prediction and to obtain precise experimental differential cross section data, these were measured in the energy range from 0.25 MeV to 6 MeV at laboratory angles of 135°, 144.5°, and 175°.
Experimental
For determining the cross section, energy spectra of the protons from the D( 3 He,p)4He nuclear reaction were recorded for different energies from 0.25 MeV to 6 MeV at reaction angles of 135°, 144.5°, 175°. As deuterium-containing target a dense, plasma-deposited amorphous deuterated thin hydrocarbon (a-C:D) film was grown on single crystalline silicon (100) substrates. The thickness of the film was measured with tactile profilometry to be 50 nm. The D/(C+D) ratio was assumed to be about 0.34 -consistent with a-C:H films deposited under the same conditions [8] . A 8.5 nm thick Au film was evaporated on the a-C:D film to make a dose correction of 3 He ions via RBS. All measurements were performed on one sample. The thickness of the Au film was determined by RBS at three points of the sample. The thickness homogeneity of the Au film was better than 99.5%. The He,p)α reaction at some incident energies [1] . However, as was already shown in [1] , the amount of these protons is insignificant for our type of samples. In The cross sections at 135° and 175° were measured simultaneously in the same setup. The cross section at 144.5° was measured in a different setup. An analyzing dose of 5 µC was collected for each data point. To minimize the influence of deuterium depletion due to ionbombardment induced desorption, different spots on the target were used at each energy.
For each proton spectrum the background was determined and substracted.
Coincidentally to all NRA measurements backscattered 3 He ions were detected by a detector at a scattering angle of 165° with a solid angle of 1.1 msr. The cross section for backscattering of 3 He from Au is Rutherford at all used energies [9] . The backscattering signal from the Au layer was used to minimize possible errors of the beam current measurement. The beam current was measured using a negatively biased Faraday shield. In the next step this differential cross section was converted to the laboratory frame for the three desired reaction angles. As having now the differential cross section in the lab system for energies lower than 1.2 MeV the experimental data were fitted with a least square fit in the low energy range from 0.5 MeV to 1.2 MeV and the absolute values for our experimental data were obtained. As the influence of the energy loss of the incoming 3 He in the a-C:D layer is more than 4 % for low energies we restricted the fit between 0.5 and 1.2 MeV. The results for the 135°, 144.5° and 175° reaction angles are shown in Fig. 4-6 . Fig. 4 shows besides the measured data already published experimental data [1] . One can see that they agree within their error bars. This verifies the measured data at 135° and 175° as the measurements were done coincidentally. To obtain the total error of the individual points the 4 % uncertainty resulting from the accuracy of Möller/ Besenbacher has to be added quadratically to the errors described above. Table1 gives the results for the differential cross sections with the total errors in percent. To get from these data points a smoothed curve for the cross section for all energies that can be used by simulating programs like SIMNRA, the data points were fitted by the equation (1) from [11] . The fit parameters for each detector are listed in 
Comparison of data with theoretical predictions for differential cross section
Nocente provides a formula for the differential cross section of the D( 3 He,p)α reaction based on fits to several data sets and the total cross section parametrizations from Bosch and Hale [6, 7] .
The differential cross section Ω is described depending on the energy in the center of mass (cm) system and on the cm scattering angle of the proton as:
: reaction angle of the proton in the center of mass system E: energy in the center of mass system Pl: Legendre polynomials : coefficients describing the energy dependence of the Legendre coefficients, obtained by fitting to data see [7] ( ): total cross section A detailed discussion of this formula and the values of the parameters α l,k , a 0 can be found in [7] .
σ(E) is the total cross section for which the Bosch/Hale's parametrization is used [6] . The parametrization consists of an energy dependent form with a S-function (eq. (4)). The parametrization formula is: The S-function is described by Padé polynomials (eq. (5)).
This parametrization fits the total cross section which results from R-matrix calculations from 1979. For detailed information and values for the constants see [6] .
Bosch and Hale give two parameter sets for A1-A6 and B1-B4 depending on the cm energy.
There is one parameter set for cm energies from 0.3 keV to 900 keV which corresponds to 0.75 keV -2250 keV for the One can see that Nocente's theoretical curve fits the experimental data for higher energies well.
A good description with Nocente's differential cross section is achieved from 1400 keV at 135° and 144.5° or even from 1200 keV at 175°. For lower energies we clearly see differences between the differential cross section from Nocente and the experimental data points. The maxima of both cross sections are not at the same energy, and for lower energies the data points deviate from the theoretical curve. Nocente's cross section is shifted significantly to higher energies at all angles. This shift is not so clearly visible at 135°, but increases at 144.5°
and is significant at 175°. For 175° it is even up to 80 keV.
If we fit our experimental data to Nocente's differential cross section for energies between 450
and 600 keV the data won't fit at other energies with a deviation up to 30 %. The question arises A combination of Möller/Besenbacher at energies below 900 keV with Nocente at higher energies provides a good fit to our experimental results.
Summary
In this work the differential cross section for D( 3 He,p) 4 He was experimentally determined in the energy range from 0.25 MeV to 5.6 MeV for laboratory angles of 135°, 144.5° and 175°. The data for the reaction angle 135° were compared to already published data and agree within the experimental uncertainties.
All data were compared to the theoretical prediction for the differential cross section from Nocente et al. [7] . For energies below 1 MeV the theoretical values deviate significantly from the experimental values. At higher energies the theoretical predictions agree well with the experimental data. It was shown that the deviations are due to the parametrization from Bosch/Hale of the total cross section at low energies, which is used by Nocente to calculate the differential cross sections. A combination of Möller/Besenbacher at energies below 900 keV with
Nocente at higher energies provides a good fit to our experimental results.
